. After reaching the midline, the commissural axons extend away from these cells, Crossing the midline produces changes in axons such turn into the longitudinal pathways, and never recross that they are no longer attracted to the midline. In the midline. The extension away from the midline and Drosophila, Roundabout reaches high levels on axons reluctance to recross is the result of an acquisition of once they have crossed the midline, and this prohibits sensitivity to the repellent protein Slit, which is also recrossing. Roundabout protein levels are regulated To identify potential components that mediate Comm activity, we used the intracellular region of Comm (CommIC) a pair of commissural tracts within each segment connects the two sides of the CNS ( Figure 1A) . The comm as bait in a yeast two-hybrid screen. From a large number of positives, a subset was found to be partial cDNAs mutant has a very dramatic phenotype in which all commissural axons fail to cross the CNS midline ( Figure 1B (Sudol, 1996) . To determine whether the WW2 and WW3 domains within DNedd4 mediate binding to CommIC, the region of DNedd4 contained in clone 4.8.1 (Figure 2A ) was expressed in bacteria as a glutathione-S-transferase (GST) fusion protein (GST-DNedd4WW2-3). GST-DNedd4WW2-3 or GST alone was immobilized on glutathione-sepharose and mixed with in vitro synthesized, radiolabeled CommIC protein. CommIC was found to bind GST-DNedd4WW2-3, but not GST alone ( Figure 2B ). To confirm this interaction and to determine if either of these WW domains of DNedd4 are able to bind Comm singly, we performed pull-down assays using GST fusions for each domain alone. Lysate from 293T cells transfected with a myc-tagged version of Comm was mixed with glutathione agarose beads conjugated to GST-DNedd4WW domain fusions or GST alone. Both the WW2 and WW3 domains of DNedd4 can (Table 1) . Hence, the ability of Comm to redistribute protein is found to have a predominant plasma membrane localization (e.g., Figure 5K ) with greater amounts Robo protein requires DNedd4. To examine whether ubiquitination of Comm may be at the membrane when both motifs are removed. This suggests that an interaction with DNedd4, which is connecessary for this process, we replaced all the lysine residues in the intracellular region of Comm with arginine stitutively expressed in S2 cells (data not shown), is necessary for Comm to localize to the intracellular comto form CommKR. Since the ubiquitin moiety is attached to a lysine, this would prevent the ubiquitination of partment where it is normally found. When S2 cells express the mutated forms of Comm together with Robo, Comm. This CommKR protein can still interact with Robo ( Figure 4D ) and the WW domains of DNedd4 (data the Robo protein remains within the plasma membrane ( Figures 5L and 5M ). To confirm that DNedd4 within S2 not shown). When CommKR is transfected into S2 cells, the mutated Comm protein is found at the plasma memcells is required for Comm endocytosis and its ability to relocalize Robo, DNedd4 function was reduced using brane ( Figure 5N ) as is cotransfected Robo protein (Figures 5O Figure 5K were scored as cell surface Comm, and cells appearing as shown in Figure 2D were scored as not having cell surface expression.
, 2000). We find that DNedd4 mediates
This is most clearly demonstrated when Comm is overexpressed in all neurons (Kidd et al., 1998b) . This results the addition of ubiquitin to Comm and that this activity is necessary for Comm to move from the cell surface in axons behaving as they do in a robo mutant, where they are insensitive to the midline repellent Slit and cross into intracellular vesicles. We further show that DNedd4 activity is necessary for neurally overexpressed Comm the midline multiple times ( Figure 1C ) (Kidd et al., 1998a) . Overexpression in neurons of a deleted form of Comm to downregulate Robo, and increasing DNedd4 levels enhances the ability of overexpressed Comm to down-(Wolf et al., 1998) that lacks the intracellular region of the molecule (Comm⌬C), however, does not produce a regulate Robo. In addition, we show that RNA interference with DNedd4 in the embryo results in errors in axon robo phenocopy ( Figure 1D ). Thus, the intracellular region of Comm is necessary for the downregulation of guidance decisions in the CNS. We suggest that a key role of Comm is to harness and target the ubiquitination Robo. Comm has also been shown to be necessary for synaptogenesis at the neuromuscular junction in the pathway in order to regulate the levels of Robo and perhaps other receptors available at the cell surface of embryo (Wolf et al., 1998). Here, Comm is required to remove an inhibitor of synaptogenesis from the surface the axon as it extends along its pathway.
of the postsynaptic cell, and the intracellular portion of Comm is also necessary for this activity (Wolf et al., Results
1998). This process correlates with an endocytosis of Comm protein. This suggests that Comm's ability to The Intracellular Region of Comm Is Necessary
regulate cell surface properties requires an interaction for Its Activity with the endocytic machinery and, perhaps, further efComm was identified in a genetic screen for mutations fector molecules through its intracellular domain. that affect the development of CNS axon pathways in Drosophila (Seeger et al., 1993). In the wild-type embryo, the CNS axons are arranged in a stereotypical orthogoThe Intracellular Region of Comm Binds to DNedd4 nal array. The longitudinal connectives extend in the anterior/posterior axis on either side of the midline, and
To identify potential components that mediate Comm activity, we used the intracellular region of Comm (CommIC) a pair of commissural tracts within each segment connects the two sides of the CNS ( Figure 1A) . The comm as bait in a yeast two-hybrid screen. From a large number of positives, a subset was found to be partial cDNAs mutant has a very dramatic phenotype in which all commissural axons fail to cross the CNS midline ( Figure 1B (Sudol, 1996) . To determine whether the WW2 and WW3 domains within DNedd4 mediate binding to CommIC, the region of DNedd4 contained in clone 4.8.1 (Figure 2A ) was expressed in bacteria as a glutathione-S-transferase (GST) fusion protein (GST-DNedd4WW2-3). GST-DNedd4WW2-3 or GST alone was immobilized on glutathione-sepharose and mixed with in vitro synthesized, radiolabeled CommIC protein. CommIC was found to bind GST-DNedd4WW2-3, but not GST alone ( Figure 2B ). To confirm this interaction and to determine if either of these WW domains of DNedd4 are able to bind Comm singly, we performed pull-down assays using GST fusions for each domain alone. Lysate from 293T cells transfected with a myc-tagged version of Comm was mixed with glutathione agarose beads conjugated to GST-DNedd4WW domain fusions or GST alone. Both the WW2 and WW3 domains of DNedd4 can Robo observed when Comm is overexpressed (Kidd et al., 1998b) . This activity of Comm in S2 cells appears to Comm and Robo generally have mutually exclusive expression patterns; however, the proteins can occasionbe specific to Robo. We have tested whether Comm can redistribute FasciclinII or Neuroglian and observed ally be seen coexpressed within vesicles in the CNS ( Figure 5C ). We used a Drosophila S2 in vitro cell assay no changes to the distribution of these proteins when coexpressed with Comm (data not shown (Table 1) . Hence, the ability of Comm to redistribute protein is found to have a predominant plasma membrane localization (e.g., Figure 5K ) with greater amounts Robo protein requires DNedd4. To examine whether ubiquitination of Comm may be at the membrane when both motifs are removed. This suggests that an interaction with DNedd4, which is connecessary for this process, we replaced all the lysine residues in the intracellular region of Comm with arginine stitutively expressed in S2 cells (data not shown), is necessary for Comm to localize to the intracellular comto form CommKR. Since the ubiquitin moiety is attached to a lysine, this would prevent the ubiquitination of partment where it is normally found. When S2 cells express the mutated forms of Comm together with Robo, Comm. This CommKR protein can still interact with Robo ( Figure 4D ) and the WW domains of DNedd4 (data the Robo protein remains within the plasma membrane ( Figures 5L and 5M) . To confirm that DNedd4 within S2 not shown). When CommKR is transfected into S2 cells, the mutated Comm protein is found at the plasma memcells is required for Comm endocytosis and its ability to relocalize Robo, DNedd4 function was reduced using brane ( Figure 5N ) as is cotransfected Robo protein (Figures 5O Figure 5K were scored as cell surface Comm, and cells appearing as shown in Figure 2D were scored as not having cell surface expression.
cipitate with Robo in S2 cells ( Figure 4D ). This suggests 0.0001, Mann-Whitney Test) and a greater reduction of Robo protein levels ( Figure 7C ). Some embryos display that the internalization of Comm and Comm/Robo is a DNedd4-mediated, ubiquitination-dependent event.
a Figure 7D ), however, a small amount of Robo protein is also seen on some commissural axassay to evaluate the requirement of DNedd4 to downregulate Robo protein in vivo.
ons. We do not know if this is stabilized Robo protein on commissural axons or Robo on the few axons that In wild-type stage 16 embryos, three Fasciclin-IIexpressing axon fascicles or bundles can be visualized
have been driven to abnormally cross. In either case, it would appear that this protein is nonfunctional and is within the longitudinal axon tracts on either side of the CNS midline ( Figure 6A ). Normally, these fascicles exlikely to be bound by Comm and DNedd4(C→A). Overexpression of DNedd4 in all neurons in a wild-type embryo tend along an ipsilateral pathway and do not cross the midline. When Robo function is removed or Comm is does not generate a phenotype, suggesting both that sufficient levels of DNedd4 is available in the cells of overexpressed in the embryo (Figure 6B ), the most medial axon fascicle reroutes and can cross the midline the wild-type embryo, and extra DNedd4 does not affect axon outgrowth (data not shown). Similarly, overexpresmultiple times, often several times per animal ( Table 2) . The overexpression of Comm in all neurons phenocopsion of DNedd4(C→A) in the wild-type embryo does not affect axon outgrowth, suggesting both that this conies the robo phenotype as it is able to downregulate Robo protein levels in the neurons (Kidd et al., 1998b) . struct is not a potent dominant-negative, and its activity is only apparent in the more sensitive Comm overexOverexpression of a deleted form of Comm that lacks the intracellular region (Comm⌬C; Wolf et al., 1998) is pression assay. However, if the level of Robo signaling is reduced in the embryo by removing one copy each unable to downregulate Robo, and the three fascicles extend as in the wild-type embryo ( Figure 6C ). To identify of robo and slit, the embryo becomes more sensitive to changes in DNedd4 levels. In slit,robo/ϩ,ϩ the reduced whether the inability of Comm⌬C to regulate Robo is due to a failure of DNedd4 to bind, we made use of Robo signaling activity results in the occasional axon crossing the midline (Bashaw et al., 2000) ( Figure 6H , the Comm⌬PSY or Comm⌬2PY constructs that have smaller deletions that remove either the LPSY motif or Table 3 ). Overexpression of DNedd4 in all neurons dramatically enhances the slit,robo/ϩ,ϩ phenotype as we both the PPCY and LPSY motifs, respectively. Overexpression of Comm⌬PSY produces a weaker robo phesee an increased incidence of a stronger phenotype where axons repeatedly cross the midline in these emnocopy ( Figure 6D , Table 2) with some axons still able to cross the midline. Overexpression of Comm⌬2PY bryos ( Table 3 ), suggesting that an increase in DNedd4 levels can disrupt Robo signaling when Robo levels in does not result in a robo phenocopy, suggesting that an ability to bind DNedd4 is necessary for Comm to the embryo are reduced ( Figure 6I ). downregulate Robo ( Figure 6E) Figure 8B ). In each embryo, the normal pattern of three parallel 1D4 longitudinal axon fascicles is disrupted as the more lateral 1D4 tracts fasciculate with more medial tracts. In some segments, the fascicles merge into a single tract while in other segments, two tracts are visible. No midline crossing by 1D4-positive axons is observed in these embryos. We also examined whether DNedd4 RNAi is able to suppress the Comm gain-of-function phenotype. Embryos in which Comm was expressed pan-neurally were injected with Nedd4 dsRNA or buffer. The buffer controls showed considerable midline crossing (mean crossovers per segment ϭ 1.1, n ϭ 51 segments), whereas DNedd4 RNAi resulted in a reduction in the midlinecrossing phenotype (mean crossovers per segment ϭ 0.4, n ϭ 46 segments). In some cases, there can be a near-complete suppression of the midline-crossing phenotype ( Figure 8C) . Interestingly, the reduction of DNedd4 function in the wild-type embryo using RNAi produces a phenotype that does not phenocopy comm. This suggests that although the overexpression assay can reveal a requirement of DNedd4 for Comm activity, DNedd4 is not the Defects correspond to 1D4-positive axon tracts crossing the midline. Each 1D4 axon was followed and the number of times it crossed the midline was counted. Axons that remain at the midline count as a single crossing. The number of crossings was totaled for each animal and is presented as defects per animal or defects per segment. Mann-Whitney tests were performed on the data as the animals are not matched pairs, and the data does not follow a normal distribution (Siegel and Castellan, Jr., 1988).
for its appropriate migration. In rat, the cell adhesion further processing of these target proteins ( 
